Three seedling lethal mutants of Zea mays with impaired photosynthesis are described. These recessive mutants were selected on the basis of high chlorophyll fluorescence. They have normal chlorophyll pigmentation but are unable to fiX C02 fully. Evidence is presented from fluorescence characteristics of isolated chloroplasts that both photosystem I and II mutants were isolated. Using conventional measures of photosynthetic electron transport, we suggest that the photosystem I mutant has limited ability to reduce NADP. The other two mutants are clearly blocked in photosystem II, one possibly lacking the primary electron acceptor.
The use of genetic mutants is an indispensable tool in the study of complex biochemical reactions. This approach for gaining insight into the mechanism of the photosynthetic process has been successfully employed, most notably by Levine (13) with Chlamydomonas and by Bishop (6) with Scenedesmus. However, very little work has been done using genetic mutants of higher plants (14) . Most of the work with higher plants has involved mutants selected on the basis of pigment abnormality. A mutant of Vicia faba which appears to be inhibited in the ferredoxin-NADP oxidoreductase has been described (11) . Homann and Schmid (12) have reported a mutant of Nicotiana which lacks Hill activity and a series of mutant Oenothera were reported (8) which resulted in blocks of either photosystem I or II. These-were the major photosynthetic mutants reported in higher plants and all showed some degree of pigment and structure abnormalities.
Following the development of an acceptable screening technique for selection of mutants in higher plants (20) , we have isolated a number of full green photosynthetic mutants of maize and here report on the characterization of three such mutants.
MATERIALS AND METHODS
Plant Material. Maize seedlings were grown to the three leaf stage (about 10 days) in a controlled environment chamber. They were subject to 14 hr of light at 30 C and 10 hr of darkness at 25 C. Light was provided by fluorescent (coolwhite type) and incandescent lamps at an intensity of 5 X 104 ergs cm-2 sec'1. Kernels were germinated and grown in vermiculite contained in 7-X 38-cm plastic trays. Plants were provided with a nutrient solution (Ortho 12-6-6) weekly. 1 Research was supported by National Science Foundation Grant GB-32023.
The maize stocks used were from lines treated with the mutagen EMS2, and most were previously selected as necrotic or seedling lethal. The method of mutant induction and the genetic handlings of the material have been described by Neuffer (22) . Briefly, it consists of treating pollen with mutagen, pollinating, selfing all the progeny of treated plants to make any mutation homozygous, and examining the resulting plants.
Mutant Selection. Suspected mutant plants from the above maize stocks were screened for inactivation of photosynthesis by a technique described elsewhere (20) . The procedure is a modification of that used for green algae (4, 9) , and selects for plants with abnormally high Chl fluorescence.
Chloroplast Isolation. Twice-washed leaves of maize seedlings were macerated in a chilled TenBroeck glass homogenizer. The grinding medium contained 0.8 M sucrose, 0.01 M NaCl, 0.02 M Tricine buffer (pH 7.8), and 1 mg of defatted bovine serum albumin. The resulting homogenate was strained through fiberglass cloth, and chloroplasts were isolated from the filtrate by a standard centrifugation procedure (18) at 4 C. After isolation, chloroplasts were suspended in the grinding mixture, minus albumin. The final concentration of Chl in the chloroplast suspension was determined using the absorption coefficients of MacKinney (16) .
Carbon Dioxide Fixation. Photosynthetic reduction of CO2 by whole plants was -determined by infrared gas analysis (Beckman 215A) using a two-pump open system (24) . Plants were illuminated at 1 X 105 ergs cm-2 sec-1 in 1-liter glass chambers placed in a controlled environment room for temperature regulation. The amount of CO, fixed was always calculated on a leaf area basis to conserve plant material for other studies.
Fluorescence Measurements. The kinetics of fluorescence induction in isolated maize chloroplasts were recorded at room temperature with a filter fluorometer. A 1-cm square, quartz fluorescence cuvette was exposed to exciting light from a tungsten lamp. A Rohm and Haas 2045 blue acrylic filter was used which provides light at a peak wavelength of 465 nm. The intensity as measured with a Yellow Springs-Kettering radiometer was 5 x 10' erg cm-2 sec-'. Fluorescent emission was measured at a right angle to the exciting beam with an EMI 9558C photomultiplier tube (S-20 cathode). The tube was blocked with a Baird-Atomic 680 nm narrow band width (10 nm) interference filter. The Ferricyanide photoreduction was followed by the sensitive assay for ferrocyanide production used by Avron and Shavit (2) . The resulting absorbance at 535 nm was read on the Beckman DK2-A.
For chloroplast photoreduction of DCIP, the standard procedure involving decreased absorbance at 580 nm was used. The time course of this absorbance change was recorded on a Beckman DK2-A equipped for side illumination of the sample cuvette. The reaction mixture and procedure used were described elsewhere (21 Delayed fluorescence. A syringe technique was used to measure the slow phase of the delay light emission with a modification of a described apparatus (17) . A red-sensitive photomultiplier, EMI-9781R, was the detector. The signal was amplified by a Keithley 414A picoammeter and was followed by either an oscilloscope or a fast-response recorder. Chloroplasts were illuminated for 30 sec at an intensity of I X I 0' erg cmM -2sec-1 in a syringe before being injected into a cuvette in front of the photomultiplier.
Electron Microscopy. Leaf material from 10-day-old plants was fixed in 3% glutaraldehyde, 1 (26, 27) , Scenedesinus (23) and Chlanydornonas (14) . The mutant hcf, is unlike previously described algal mutants.
Along with several other high fluorescent mutants, these were selected from abnormal plants which arose Figure 1 .
Chlorophyll was extracted from both high and normal fluorescent leaves by grinding with 80% acetone and was determined spectrophotometrically (16) (Fig. 2) . However, when fluorescence kinetics of the mutant chloroplasts were examined, there were two different types. The fluorescence of hcf1 (Fig. 2B) Fig. 2 ). These two results indicate that hcf1, like wild type, has a large variable fluorescence but the mutant has a higher over-all yield of flourescence on a Chl basis. In contrast to these results, chloroplasts prepared from hcf, and hcf3 mutants showed little or no variable fluorescence (Fig. 2, C and D) as is typical for photosystem II mutants of algae. F0 was nearly the same as F.as and DCMU treatment had little or no effect on F0. The fluorescence tracing for hcf, was unchanged from that indicated in Figure 2D following addition of DCMU. However, hcf, always had a 5 to 10% change in F0 after DCMU treatment. Therefore, variable fluorescence is missing in hcf. and severely reduced in hcf, chloroplasts.
A comparison was made between dark reoxidation of Q and reoxidation in the presence of photosystem I light. Figure 3 shows that 710 nm of light increased the rate of Q reoxidation over the dark rate of normal chloroplasts. This reoxidation was inhibited by DCMU (data similar to hcf. in Fig. 3 ). 53, 1974 light (Fig. 5) . The mutant hcf1, on the other hand, had a normal or even enhanced level of delayed light.
In viewing all data of fluorescence induction, delayed light, Chloroplasts of hcfi plants evolved 02 at a normal rate with either potassium ferricyanide or DCIP as the electron acceptor; however, only very small amounts of 02 could be measured with hcf2 or hcf8 chloroplasts (Table I) . Further, when photoreduction of these electron acceptors as well as methyl viologen was measured, hcf1 reduced all three dyes but hcf2 and hcf3 chloroplasts showed zero to low rates. Since hcf1 could carry on these photoreductions and oxygen evolution, it has a functional photosystem II. The mutants hcf2 and hcf3 did not perform these reactions, and could be considered devoid of photosystem II function.
When methyl viologen reduction was measured with ascorbate-reduced DCIP as the electron donor to bypass photosystem II, all high fluorescent mutants carried on good rates of electron transport (Table I) . Since all mutants reduced methyl viologen from the electron donor system, they must have functional photosystem I up to the point at which methyl viologen accepts electrons from the chain. To test the remaining portion of the photosystem I electron transport chain from the site where methyl viologen accepts electron, we measured NADP photoreduction. Photosystem II involvement was again eliminated by using ascorbate-reduced DCIP as an electron donor and DCMU. In this reaction, hcf2 reduced NADP at a near normal rate, while hcf1 always showed a rate of about 50% of wild type (Table I) .
These data agree with the fluorescence induction results that hcf, is limited in photosystem I electron transport while hcf2 is blocked in photosystem II. Further they suggest that hcf, has an inactive NADP reductase enzyme system.
The NADP reductase has other enzyme activities when isolated; therefore, if its activity is reduced, a reduction in NADPH diaphorase should be detectable (1) . Figure 6 shows the decrease in absorbance associated with DCIP reduction which is the standard electron acceptor for NADPH diaphorase. The mutant hcf. showed a 50% rate of normal maize.
In this figure, enzyme activity is compared on a leaf fresh weight basis. When compared on a protein basis, hcf, had 37% of control activity (data not shown).
The structure of chloroplasts in mutant leaves was examined and compared to low fluorescent sibs. Figure 7 shows representative electron micrographs of granal chloroplasts from mesophyll and agranal chloroplasts from bundle sheath cells. The nonlethal hcf, mutant has essentially normal chloroplasts in both cell types, but there may be some separation of membranes in the agranal bundle sheath chloroplasts (arrow, Fig. 7B ). The mutant hcf2 has the maximum alteration of A previously described mutation in Vicia faba also is blocked only in NADP reduction (11) . It has normal photosystem II electron transport and cyclic photophosphorylation in photosystem I. However the Vicia mutant is different, having completely lost the ability to reduce NADP and having abnormal structure and pigmentation. Of the many mutants reported from the green algae (7, 14) , none is blocked in NADP reduction.
hcf2, hcf3. These mutants are generally the same as the well known photosystem II mutants of algae such as the P4 mutant of Euglena (26, 27) , Scenedesmus No. 11 or 40 (23) , and the acetate mutants of Chlamydomonas, ac-115 or ac-141 (14) . The mutant hcf3 is more completely blocked in electron transport than hcf2, and may have its effect at or very near the primary electron acceptor.
The mutant hcf2 causes more chloroplast structural changes. Mesophyll plastids appear very similar to those reported from the iojap mutant of maize (25) . Shumway and Weier (28) showed chloroplasts from green segments of leaves with iojap PHOTOSYNTHETIC M have the same long parallel runs of lamellae (arrow, Fig. 7C ), and generally a smaller, spherical appearance. This general shape and structure of the plastid is also seen in the pastel mutant of maize (3).
Chloroplasts of hcf. are more normal than those of hcf2 but have the usual photosystem II mutant characteristic of small, less compact grana (12) .
